Silk protein-based materials are promising materials for the delivery of drugs and other active ingredients, due to their processability, biocompatibility and biodegradability. The preparation of films composed of an engineered spider silk protein (eADF4(C16)) in combination with either a polyester (polycaprolactone) or a polyurethane (pellethane®), and their physicochemical properties are described. The release profiles of low molecular weight model drugs are affected by both the film composition and the presence of enzymes, and release can be observed over a period of several weeks. Such silk-based composites have potential as drug eluting biocompatible coatings or implantable devices.
Introduction
Implantable biodegradable biomaterials are attractive for the manufacture of devices for the controlled delivery of drugs and moreover as tissue scaffolds for biomedical applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A reliable and controllable release profile is important for a drug to have its optimal effect and minimize side effects, [12] and composite materials based on silk proteins [13, 14] are attractive drug carriers due to their biocompatibility and highly tunable morphologies with biomimetic mechanical properties. In this context, a range of such materials have been investigated in recent years, typically composed of Bombyx mori silkworm fibroin [15] and polymers (such as albumin, [16] hyaluronic acid, [17] polyethylene glycol, [18] or polyvinyl alcohol [19] ) for the release of a variety of drugs of either low or high molecular weights. [13] Silkworms are not the only creatures to produce task-specific silk-based materials, [20] indeed, web-weaving spiders (e.g. Araneus diadematus or Nephila clavipes) are capable of producing silk fibers with impressive mechanical properties [21] that have been used by humans in certain parts of the world as fishing nets or wound dressings for centuries. [22] Although it is possible to harvest natural spider silk fibers this is an incredibly time consuming and expensive process, and attempts to farm spiders on an industrial scale have as yet been unsuccessful. However, the determination of the primary structures of natural spider silk proteins has recently allowed the production of spider silk-like proteins using recombinant DNA technology on a scale large enough for industrial applications to be realizable. [23] [24] [25] [26] [27] [28] [29] [30] [31] Recombinant DNA technology has also been used to prepare chimaeric/hybrid proteins incorporating silkworm silk-like or spider silk-like sequences and other sequences that enhance the proteins solubility, [32, 33] or improve biomineralization [34, 35] /cell adhesion [36] of materials prepared from the respective proteins.
We are particularly interested in the silk proteins produced in the major ampullate silk glands of A. diadematus spiders, and have previously reported the production of major ampullate mimetic silk proteins engineered for production via high density fermentation in Escherichia coli bacteria, namely, eADF-3((AQ)12) and eADF-4(C16). [37, 38] Once purified, we can process these proteins using either aqueous or organic solvents into a number of different materials morphologies, including fibers, films, hydrogels, capsules and particles, that would be of interest for both drug delivery and tissue engineering applications. [22, 25, 39] We have previously investigated the use of microparticles of eADF-4(C16) for the delivery of model low molecular weight drugs, [40] [41] [42] and moreover that crosslinking the proteins in the particles prolonged the duration of drug delivery. [42] We have also demonstrated it to be possible to utilize different solvents to prepare films composed of eADF-4(C16) with tunable (chemical, [36] mechanical [43, 44] and topographical) [43, 44] properties that are known to influence the adhesion of cells on their surfaces. [45] Herein we describe the preparation of films composed of eADF4(C16) and one of two biodegradable polymers (either polycaprolactone (PCL) [46] or pellethane® (TPU) [47, 48] ) that have been widely investigated for a variety of biomedical applications. We report their physical properties, their loading with positively charged small molecules (methyl violet or ethacridine lactate), the subsequent release of the cationic molecules that act as models for cationic drugs such as the antiphyschotic haloperidol for which long term delivery over the period of weeks is particularly attractive, and finally, the adhesion of cells to the surfaces of the films.
Experimental Section

Materials
The recombinantly produced protein was based on the consensus motifs of the repetitive core domains of one of the major ampullate silk fibroins of the garden cross spider (Aranaeus diadematus fibroin 4). The recombinant protein is composed of sixteen repeats of the polypeptide module C (amino acid sequence: GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP), and is referred to hereafter as eADF-4(C16). Production and purification of eADF-4(C16) was carried out as described previously. [37] PCL (CAPA 6800, average molecular weight 80 kDa) was obtained from Perstorp UK Ltd (UK) and TPU (Pellethane 2363-80A, medical grade) was obtained from Dow Chemical Company (US), and both were used as supplied. Unless otherwise stated, all other chemicals were obtained from Sigma-Aldrich Chemie GmbH and used as supplied.
Film preparation
Optically clear solutions of the protein eADF-4(C16) and/or the biodegradable polymers dissolved in hexafluoroisopropanol (HFIP) were cast onto a flexible Teflon substrate. The solvent was allowed to evaporate over a period of 24 hours in a fume hood and are hereafter referred to as 'as cast'. Films that were subsequently immersed in anhydrous methanol for 1 hour prior to drying for 24 hours are hereafter referred to as 'methanol treated'. The thickness of the films was determined with high precision digital calipers (Bochem, Germany). The proteins and polymers were phase separated in the films. Optical microscopy (Leica DFC295 camera mounted on an inverse microscope, Leica DMIL LED microscope, Germany) was used to determine the component constituting the continuous phase of the films. For full experimental details refer to the supplementary information.
Thermogravimetric analysis (TGA)
Analyses were carried out with a Mettler Toledo TGA/SDTA 851E thermobalance (Mettler Toledo GmbH, Giessen, Germany). For full experimental details refer to the supplementary information.
X-ray diffraction (XRD)
XRD spectra were recorded on a Bruker D8 Advance X-ray diffractometer and the XRD patterns were analyzed using Jade 9 XRD Pattern Processing software (Materials Data, Inc., California).
For full experimental details refer to the supplementary information.
Tensile Testing
The Young's modulus, tensile strength and elongation at break were carried out with an Instron
Universal Testing Machine (model 5565, Instron Deutschland GmbH, Germany). For full experimental details refer to the supplementary information.
Water contact angle measurements
Measurements were carried out with a high-speed contact angle measurement device (OCAH 230 video-based semi-automatic contact angle measurement device supplied by Dataphysics GmbH, Germany). For full experimental details refer to the supplementary information.
In vitro degradation studies
The in vitro degradation of the films was carried out with minor modifications to our previously described methodology. [40] For full experimental details refer to the supplementary information.
Drug loading and release studies
Films (25 mg) were loaded with model low molecular weight drugs (methyl violet or ethacridine lactate) [40] 
In vitro cell adhesion studies
Cell adhesion studies were carried out in line with our previously described methodology. [36] The fibroblast cell line (M-MSV-BALB/3T3, mouse embryo fibroblasts) was sourced from the European Collection of Cells (United Kingdom). Cell adhesion was determined with the AlamarBlue® cell viability assay (Cell Titer-Blue, Promega, USA) according to the protocol of the supplier. For full experimental details refer to the supplementary information.
Results and Discussion
Film preparation and characterization
The compositions of the films described herein are found in Table 1 . All films had thicknesses of ca. 100 µm, and would therefore not be expected to be encapsulated by a very thick foreign body capsule in vivo. [49] Thermogravimetric analysis revealed that 'as cast' films contained residual HFIP which could be removed by immersion of the films in methanol (Figures S1-S9 ).
The silk component of the 'as cast' films was water soluble due to its α-helix rich nature, confirmed by X-ray diffraction (XRD) peaks at 2θ = 14. , in line with those reported in the literature for PCL, [54, 55] whereas the TPU component of any films was predictably amorphous, exhibiting a broad peak at 2θ = ca. 20 o . [48] The XRD spectra and corresponding d-spacings are displayed in Figures S1-S9. The mechanical properties of the films were assessed via tensile testing, and whilst the addition of the biodegradable polymers was observed to reduce the Young's moduli and tensile strengths of the films relative to the silk alone, their extensibilities were typically improved due to the elastomeric natures of the PCL and TPU respectively ( Table 1 ). The tensile strengths of the films (in the low MPa regime) are similar to that of the basement membrane (ca. 4 MPa), [56] and would therefore be suitable for subcutaneous implantation.
In vitro degradation studies
The in vitro degradation of the composite films in PBS or solutions including proteases (elastase and trypsin) was studied. As expected, mass loss in PBS was negligible (< 2%) as eADF-4(C16), PCL and TPU are insoluble in water, and hydrolysis of the amides, esters and carbamates in their respective backbones is a very slow process ( Figure S10 ). Logically, mass loss in the presence of elastase and trypsin ( Figure 1 ) was greatest for the films composed solely of eADF-4(C16), and lower for the films composed solely of PCL or TPU. Mass loss of films composed of mixtures of eADF-4(C16) with either PCL or TPU, was understandably greatest for films with a higher content of eADF-4(C16), i.e. PCL-25 and TPU-25, and was diminished by the presence of increasing amounts of PCL or TPU. The composites incorporating PCL were observed to degrade less than those incorporating TPU, which is plausibly due to cleavage of carbamate bonds in the backbone of TPU by trypsin. [57] [58] [59] [60] Clearly, we would expect that the degradation of the films in vivo would be markedly slower than that of our in vitro assay, in line with the literature precedent for Nephila clavipes spider silk, [61] [62] [63] [64] Bombyx mori silkworm silk, [65, 66] PCL [46, 67] or TPU [68] [69] [70] [71] [72] respectively.
Drug loading and release studies
Loading of the films with model drugs (methyl violet or ethacridine lactate) was achieved simply by their incubation in a saturated solution of the drug in PBS followed by rinsing and drying their surfaces. The cationic drugs interacted preferentially with the polyanionic eADF-4(C16), instead of the uncharged PCL or TPU with which they would only interact via non-specific hydrophobic interactions, which allowed us to tune the quantity of drug loaded into the films simply by tuning the ratio of eADF-4(C16) to either PCL or TPU. In this preliminary model study we utilized films of 25 mg, allowing us to load up to 8.4 μmol of cationic drugs in films composed solely of eADF-4(C16), or other defined amounts in the micromolar regime in the other films (see Table 1 ). We measured the release of the model drugs over the period of a month (see Figure 2) , observing the release of methyl violet to be somewhat faster than for ethacridine lactate (as previously reported). [40] We found that the release of the drug was moderately faster in films incubated in the presence of elastase and trypsin, and that the release profiles could be tuned based upon the composition of the films, with higher quantities of drug released from films with higher contents of eADF-4(C16), and interestingly, that drug delivery from the films would be effective over the period of several weeks (akin to the release of drugs from Bombyx mori silk-based films) [73, 74] that would be particularly attractive for the delivery of cationic antipsychotic drugs such as haloperidol.
In vitro cell adhesion studies
With a view to the application of such composites as implantable platforms for the controlled delivery of drugs (e.g. as drug eluting implant coatings) in tissues with similar mechanical
properties (e.g. subcutaneously, in the vicinity of the basement membrane), [56] we investigated the adhesion of BALB/3T3 mouse fibroblasts to the films compared to a simple control substrate (Nunclon® Δ surface tissue culture plates) in vitro. [36, 45, 75] It has been reported that mammalian cells prefer to adhere to and proliferate on surfaces with a water contact angle above 40 o . [76] [77] [78] [79] [80] We observed the water contact angles of our films to be composition dependent (see Table 1 ).
The PCL composites were the most hydrophilic, more so than either of the constituents alone, suggesting that the eADF-4(C16) interacts with the PCL via van der Waals interactions with the hydrophobic residues on the backbone of the silk proteins, and displays the hydrophilic residues on the surface of the films. This effect was also observed for the TPU-25 composites, although films with higher contents of TPU were more hydrophobic as TPU is markedly more hydrophobic than PCL. We observed BALB/3T3 mouse fibroblasts to adhere to all of the films (see Table 1 and water contact angle and cell adhesion relative to the control substrate, we found that the cells preferred to adhere to the more hydrophobic films, an effect which is probably mediated by the adsorption of proteins from the media onto the surface of the films. The film-fibroblast interaction could be improved by modifying the proteinaceous component to display celladhesive motifs (e.g. the RGD peptide) either chemically or recombinantly. [30, 36, 45, 75] 
Thermogravimetric analysis (TGA)
Analyses were carried out with a Mettler Toledo TGA/SDTA 851E thermobalance (Mettler Toledo GmbH, Giessen, Germany). Films were precisely weighed into ceramic crucibles (VWR, Germany), and analyses were carried out under a nitrogen atmosphere (flow rate 100 mL per minute), over a temperature range between 25 and 800 °C, at a heating rate of 10 °C per minute.
The TGA mass loss profiles are representative of at least 2 samples.
X-ray diffraction (XRD)
A stack of 3 films were attached to a metal sample holder using adhesive tape. XRD spectra were recorded on a Bruker D8 Advance X-ray diffractometer (CuKα1-beam, λ = 154051 pm, recording 
Tensile Testing
Universal Testing Machine (model 5565, Instron Deutschland GmbH, Germany) equipped with a 10 N load cell, at a drawing rate of 2 mm per minute. Prior to testing, the films were stored at 21 o C in an air tight Teflon container (Hagebaumarkt, Germany) in the presence of a glass beaker containing a saturated aqueous solution of calcium nitrate (in order to obtain an atmosphere with a relative humidity of 51%) for 1 week. Strips of the films with dimensions of 10 mm x 5 mm were cut with a razor blade from the films, and the thickness of the films was determined with high precision digital calipers (Bochem, Germany) and is the average of at least 5 positions on the strip.
The initial grip separation was set at 5 mm, and the experiments were carried out at 21 o C in a laboratory with a relative humidity of ca. 50%, and the tensile properties reported are the average of at least 10 measurements.
Water contact angle measurements
Measurements were carried out with a high-speed contact angle measurement device (OCAH 230 video-based semi-automatic contact angle measurement device supplied by Dataphysics GmbH, Germany). Images of a drop of deionized water (2 µL) laid on the surface of the samples were recorded at a frame rate of 360 frames per second, and the contact angles for the droplets were recorded after 3 seconds of contact with the film. Prior to measurement, the films were stored as described in the tensile testing section. The reported values are the average of at least 3 measurements at different positions on a film.
In vitro degradation studies
The in vitro degradation of the films was carried out with minor modifications to our previously described methodology. [40] Therefore, films (of ca. 
Drug loading and release studies
Films (25 mg) were loaded with model low molecular weight drugs (methyl violet or ethacridine lactate) [40] by 
In vitro cell adhesion studies
Cell adhesion studies were carried out in line with our previously described methodology. which was not fluorescent (data not shown); and the second was wells that contained the AlamarBlue® reagent but no cells (used for baseline correction). Levels of cell adhesion to the various films studied herein are reported relative to Nunclon® Δ surface, which was assigned an arbitrary value of 100 %. Figure S1 . SI for eADF-4 (C16) films. A) TGA mass loss profiles of films as cast (grey line) and after methanol treatment (black line). B) XRD spectra of films as cast (grey line) and after methanol treatment (black line). C) Positions of XRD peaks and d-spacings determined using Jade 9 XRD Pattern Processing software. 
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